The distribution of copper (Cu) in the biological system is regulated by Cu transporters and chaperones. It has been known for a long time that myocardial ischemia is accompanied by the loss of Cu from the heart, but the mechanism by which this occurs remains unknown. The present study was undertaken to understand the relationship between Cu loss and alterations in Cu transporters during the pathogenesis of myocardial ischemia. Male mice (C57 BL/6J) were subjected to left anterior descending (LAD) coronary artery ligation to induce myocardial ischemia. Changes in Cu concentrations in serum and hearts were determined from blood and tissue samples harvested at different time points for a total of 28 days after the operation. Cu concentrations in the ischemic myocardium were continuously decreased starting at the fourth day after LAD artery ligation, gradually depleted by more than 80% of the normal level at the 10th day, and remained at the lowest level (about 20% of normal levels) thereafter. Serum Cu concentrations were correspondingly increased starting at the fourth day, reached to the highest level between day 7 and 10, and gradually recovered to the normal level until 21st day after the operation. Along with the same time course, the intracellular Cu exporter copper metabolism MURR domain 1 (COMMD1) was significantly and sustainably increased, but ATP7A and ATP7B were not significantly changed in the ischemic myocardium. These results suggest that during the pathogenesis of myocardial ischemia, COMMD1 would play a critical role in exporting Cu from the ischemic myocardium to the blood.
Introduction
The role of copper (Cu) in cardiac structure and function has been a focused topic in cardiovascular medicine. [1] [2] [3] [4] Dietary Cu deficiency leads to myocardial structural and functional alterations, resulting in cardiac hypertrophy transitioning to heart failure. 5 Our previous work showed that Cu supplementation improved cardiac structure and function in not only dietary Cu deficiency-induced, 6 but also ascending aortic constriction-induced cardiac hypertrophy along with repletion of Cu in the heart. 7 Many studies demonstrated the relationship between Cu deficiency and ischemic heart disease. [8] [9] [10] [11] Myocardial ischemia is accompanied by the loss of cardiac Cu. [12] [13] [14] It remains elusive how does this happen?
The homeostasis of Cu is tightly regulated by a series of proteins, [15] [16] [17] [18] [19] [20] including proteins responsible for Cu uptake, inter-and intra-cellular trafficking, and efflux. Cu efflux related proteins, such as Cu transporting ATPases 21, 22 (ATP7A and ATP7B) and COMMD1. 23 It was well known that mutations in ATP7A and ATP7B led to Menkes disease and Wilson's disease, due to Cu accumulation in the intestine and in the liver, respectively. 24, 16 Overexpression of ATP7A or ATP7B caused a significant increase in Cu efflux. 25, 26 COMMD1 is a Cu transport chaperone, and it directly interacts with ATP7B and is involved in the defined pathway of hepatic biliary Cu excretion. 27 Furthermore, liver-specific knockdown of COMMD1 in mice led to hepatic accumulation of Cu. 28 It is, however, unknown
Impact statement
In this work, we found that copper efflux from the ischemic heart leads to the elevation of serum copper concentrations, addressing a long-term question related to serum copper elevation in myocardial ischemia patients. The efflux of copper from the ischemic heart results at least in part from the upregulation of copper metabolism MURR domain 1 (COMMD1) in the heart upon ischemic insult. This work provides a novel insight into copper homeostasis and alteration in cardiovascular system.
whether or not these Cu transporters are related to cardiac Cu efflux under ischemic conditions. The present study was undertaken to use a mouse model of myocardial ischemia to determine the dynamic changes in Cu concentrations in the heart during the pathogenesis of myocardial ischemia and explore the relationship between Cu loss from the heart and Cu efflux related transporters.
Materials and methods

Animal
Male C57BL/6J mice (DaShuo, China), aged 8-10 weeks old and weighed 20-22 g, were fed standard rodent chow (5C02, LabDiet, USA) and tap water ad libitum. All animal procedures were approved by the institution animal care and use committee at the Sichuan University Western China Hospital, following the guidelines of the US National Institutes of Health.
Induction of myocardial ischemia
As described in a previous study, 29 all animals were randomly divided into two groups: sham control (n ¼ 52) and myocardial ischemia (n ¼ 78). Myocardial ischemia was induced by the left anterior descending (LAD) coronary artery ligation. The anesthesia of the animals was done by 4% isoflurane with 100% O 2 . The LAD artery was exposed and permanently ligated in the anesthetized mice. The sham controls were subjected to the same surgical procedure with the exception of LAD ligation.
Tissue preparation
After LAD ligation surgery at different time points (1, 4, 5, 6, 7, 10, 14, 21, 28, 35 days) , the blood was obtained for serum preparation, and then the mice were sacrificed to obtain heart tissue. The serum was stored at À80 C for the detection of Cu concentrations. For the Cu concentration determination and Western blotting, heart tissues were collected during the process of animal sacrifice and separated into two parts: ischemic area (IA) and remote area (RA). The IA part had a pale appearance compared with the right ventricular and base of the heart, which was located in the left ventricle under the silk suture ligation, including the apex, anterior wall, lateral wall, and part of posterior wall. The myocardium located 1 mm away from ischemic area was determined as RA part. Other heart samples were used for pathological examination.
Measurement of Cu concentrations
As described in our previous study, 30 Cu concentrations were determined by graphite furnace atomic absorption spectrometry (AAS) (ICE3500, Thermo, USA). The quantified heart and serum samples were digested with nitric acid (HNO 3 , Sigma, USA) at 60 C overnight. Cu concentration was normalized by the dry weight of heart sample or serum volume.
Western blot
The total proteins were extracted by TRIzol reagent (Thermo Fisher Scientific, USA), following the instruction provided. The protein levels of ATP7A, ATP7B, and COMMD1 were determined by Western blot. Equal amounts of total proteins were separated by SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membrane, which was incubated with primary antibodies: monoclonal mouse anti-mouse ATP7A (163 kDa, ab131400, Abcam, UK), polyclonal rabbit anti-mouse ATP7B (165 kDa, NB100-360, Novus biologicals, USA), and monoclonal mouse anti-mouse COMMD1 (21 kDa, sc-166248, Santa Cruz, USA), followed by hybridization with appropriate secondary antibodies. The protein bands were visualized by using DAB reagent (Millipore, USA), images were captured using a Vilber Fusion (VILBER LOURMAT Fusion FX, France) and analyzed by IPP 6.0 (Image-Pro Plus 6.0, Media Cybernetics, USA).
Statistical analysis
GraphPad prism 7.0 (GraphPad Software, USA) was applied to perform the statistical analysis. All data were presented as mean AE SD. Two-way ANOVA and Tukey's multiple comparisons test were used for analysis of Cu concentrations and the Western blot intensity at different time points. P < 0.01 was considered to be statistically significant.
Results
Pathologic changes of the heart after LAD ligation Pathological examination identified that the ischemic area was located in the left ventricular anterior wall after LAD ligation ( Figure 1 ). The ischemic area was full of collagen deposition and the left ventricular anterior wall became thinner at the 35th day after LAD ligation relative to the sham-operated control mice (Figure 1 ).
Decreased Cu concentrations in the heart after LAD ligation
Cu concentrations in the ischemic area were continuously decreased, starting at the fourth day after the LAD ligation and reaching to the lowest depletion (more than 80% of the normal level) at the 14th day, and retained at the lowest level thereafter (Figure 2(a) ). There was no significant difference in Cu concentrations between the remote area and the sham-operated controls (Figure 2(a) ). Serum Cu levels began to increase at the fourth day after ischemia, and rose to the peak at the seventh day, and retained at the peak until the 10th day, and then gradually recovered and reached to the normal level at the 21st day after the operation ( Figure 2  (b) ). However, Cu concentrations in the major storage organ, liver, were not significantly changed during the process of myocardial ischemia ( Figure S1 ).
Increased protein levels of COMMD1 after LAD ligation
The changes in Cu efflux transporters were determined by their protein levels. In the ischemic area, ATP7A was not significantly changed in comparison to the normal myocardium (Figure 3(a) and (b) ). ATP7B was slightly increased only at the first day (Figure 3(a) and (c)) after LAD ligation in the ischemic area. On the other hand, the COMMD1 protein levels were significantly increased (Figure 3(a) and (d) ) in the ischemic area at all the time points (day 1, 4, and 7), prior to Cu loss from the heart.
Discussion
Myocardial Cu loss in response to ischemia is a unique response of myocytes to hypoxia, which has been observed in human studies, 8, 9, 31, 32 animal studies, 30, 33 and in vitro studies. 12, 13 It was also reported that Cu transporters are changed under ischemic conditions. 34, 35 The relationship between Cu loss and changes in Cu transporters in the pathogenesis of myocardial ischemia is thus an interesting topic for further understanding the role of Cu in the heart. The results obtained here suggest that the loss of Cu from the ischemic area of the heart is likely ascribed to the increase in the COMMD1. This provides a novel insight into Cu homeostasis in the cardiac system. Serum Cu level elevation in patients with acute myocardial infarction has been reported previously, 36 although there were differences in the extent of this increase due to varying experimental subjects. 37, 38 However, it remains unanswered where the elevated Cu in the serum comes from? There are some clues, such as in patients died from acute myocardial infarction, Cu concentrations in their heart were lower than in the hearts from subjects without cardiac events. 9 Is the Cu loss from the heart related to the Cu elevation in the blood? This question was specifically addressed in the present study. The mice were only subjected to LAD artery ligation leading to myocardial ischemia and Cu levels in the ischemic heart were significantly decreased as a function of elapsed time. This gradual decrease in myocardial Cu concentrations was well correlated with the gradual increase in serum Cu concentrations. Under this condition, there were no other organ system injuries in these myocardial ischemic mice, and the major Cu storage organ, liver, in the body did not show changes in Cu concentrations during the process of myocardial ischemia. Furthermore, our previous studies showed Cu efflux Figure 2 . The changes of Cu concentrations in the heart and serum. AAS was used to determine Cu concentrations at different time points after LAD ligation. (a) Cu concentrations decreased in the ischemic myocardium at the fourth day after ischemia, and further gradually decreased and reached to the lowest level at the 14th day, which level was sustained to the end of the observation (a total of 28 days). (b) Serum Cu levels were increased at the fourth day after myocardial ischemia, and rose to the peak between seventh and 10th day, and then gradually declined and returned to the normal level at the 21st day. Data were presented as mean AE SD. *P < 0.01, versus sham control, n ¼ 3-5. IA: ischemic area; RA: remote area. (A color version of this figure is available in the online journal.) ............................................................................................................................................................ from hypertrophic cardiomyocytes into the culture medium. 39, 40 Therefore, the elevated levels of Cu in the blood were ascribed to those released from the heart. In addition, there was a further evidence to link the myocardial Cu loss to the serum Cu elevation, as it was noticed that after Cu efflux from the heart ceased, serum Cu levels were equilibrated to normal level.
Cu efflux from the intestine and from the liver has been extensively studied, and Cu transporting ATPases (ATP7A and ATP7B) play a critical role in this process. Both ATP7A and ATP7B are P 1B -type ATPases 41 and their expressions are tissue-specific: ATP7A is mostly in the intestine and vasculature, and also found in almost all other organs except for liver. 42 ATP7B is mainly in the liver, but also found in heart, kidney, brain, and lung. 42 Therefore, both ATP7A and ATP7B are present in the heart, but their function in the heart has not been fully defined. In the present study, we observed that ATP7A was not changed and ATP7B was only slightly increased at the first day after the LAD ligation, suggesting that neither ATP7A nor ATP7B would be responsible for the observed Cu efflux from the heart. COMMD1 is a member of the COMMD (copper metabolism MURR domain) protein family, 43 and it contains 188 amino acid sequences and is involved in Cu homeostasis. 23, 44 Previous studies found that increased COMMD1 protein level was associated with a decrease in hepatic Cu concentrations in lipopolysaccharide-induced liver injury. 45 We observed here that COMMD1 protein levels were significantly elevated in the ischemic myocardium, and this increase occurred prior to the extensive loss of Cu and was in parallel with the time course of Cu loss from the ischemic myocardium. Therefore, it is likely that the elevated COMMD1 is at least in part responsible for the observed Cu loss from the ischemic myocardium.
In summary, the present study addressed the cause-andeffect relationship between Cu loss from the heart and Cu elevation in the blood. Cu loss from the heart was not caused by ATP7A or ATP7B, but most likely ascribed to the increase in COMMD1 in the ischemic myocardium. How does ischemia cause the increase in COMMD1 in the heart remains to be further investigated.
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